Using the optimisation procedure two improved geometries of the crossing have been obtained. In both designs the normal contact pressure was reduced as compared to the reference design, while the fatigue area in the second crossing was shifted further from the tip point of the crossing as compared to the first crossing. Important is that the second crossing geometry can be obtained from the first crossing simply by grinding.
To implement the new crossing geometry a new measurement device has been proposed. The device can be used for assessment of wear of existing crossings and during adjusting/restoration of the crossing geometry. During the last decades analysis of the dynamic behaviour of railway crossings has been an active research area of the railway community. A number of numerical and experimental studies on the analysis of the vehicle-track interaction have been performed recently. Various numerical models for analysis of the dynamic behaviour of turnout have been developed, most of which are based on either the multibody (MB) or the finite element (FE) formalism e.g. [1] [2] [3] [4] [5] [6] [7] . The MB simulations are usually less time consuming than the FE simulations. Such simulations are usually used for the analysis of overall vehicle-turnout interaction, while the FE models are used for analysis of wheel-rail interaction to obtain stressstrain state in the contact area.
Experimental analysis of the turnout behaviour was initially performed for the purpose of numerical model v idation e.g. [8] , [9] . In [10] and [11] a mobile instrumented crossing device was used to assess performance of various turnout crossings and to determine the main factors influencing the crossing performance. The results of this study showed that geometry of the crossing has significant effect on the dynamic forces in turnout crossing and performance of the crossing can significantly be improved by adjusting of the crossing geometry e.g. by grinding during the maint nance.
Optimisation of railway turnouts (especially using the numerical optimisation methods) however has been performed not very often. As a continuation of the study performed in [4] , [10] and [11] a method for numerical optimisation of the crossing geometry was proposed in [13] and [14] . The method combines the dynamic MB analysis for train-turnout interaction with numerical optimisation method. Other examples of the numerical optimisation of crossing geometry can be found in [15] , [16] . Yet, in [15] the improvement of the crossing geometry was obtained simply by parameter variation (no optimisation method was used), while in [16] the assessment of the crossing design during the optimisation was based on only the kinematic analysis (no dynamic effects were taken into account).
In this study the optimisation procedure presented in [13] and [14] has further been developed. Based on the idea of adjusting the crossing geometry during maintenance by grinding, it is proposed to vary the location of the impact forces by adjusting the crossing geometry. By changing this location, the impact forces can better be spread along the crossing and the crossing nose material can better be used (loaded).
The goal of the optimisation considered here is improvement of crossing performance formulated as reduction of the RCF and wear indexes, while A c c e p t e d a u t h o r m a n u s c r i p t controlling the location of wheel impact. The effect of two wheel profiles used on the considered crossing is taken in to account during the optimisation. In order to control the wheel transition location an extra constraint on the location of the wheel impact is introduced in the optimisation problem. Both changing the impact location and reduction of damage should result in prolonging of the operational life of the crossing. In order to implement the obtained improved geometry of the crossing a new measurement device has been developed.
The results of the experimental study that have inspired the presented optimisation are briefly described in Section 2. The numerical model used in the assessment of the dynamic behaviour of the turnout crossing is presented in Section 3. The multicriteria optimisation problem is formulated in Section 4. The results of the optimisation and the implementation of the new crossing geometry are presented and discussed in Section 6.
Experimental study
Prior to the numerical optimization the dynamic interaction between the vehicle and turnout was analysed experimentally using the instrumented crossing device (ESAH-M), which consists of th following components ( Figure 4a ):
-The 3D acceleration sensor on a magnet which has to be placed at the side of the crossing nose (Figure 4b) -Two inductive sensors to be installed on the rail in front of the crossing nose.
-The main unit, wherein all the signals are received, synchronised and analysed.
a. b. The measurement results have shown that the crossing geometry has significant influence on the dynamic performance of the crossings. The changes in the geometry can affect both the location as well as the size of the fatigue area. So that, Figure 8 shows the geometry and the corresponding fatigue areas of two similar crossings (with the crossing angle 1:15 and the train speed 130 km/h). The crossings have different vertical geometry that was measured as the vertical distance between the wing rails and the crossing nose as shown in Figure 8a . The upper crossing was new (the measured and the theoretical geometries are very close) and the lower one wass repaired (the measured and the theoretical geometries differ significantly). From Figure 8b it can clearly be seen that the locations of the fatigue areas of these crossings are different, namely for the new crossing the fatigue area is located on the distance 0.40m-0.50m from the beginning of the crossing nose, while for the repaired crossing the fatigue area is located on the distance 0.6m-0.7m. The vertical axis in this figure is the percentage of the passed wheels.
a. b. Figure 8 Effect of crossing geometry on fatigue area: vertical distance between crossing nose and wing rails (a) and corresponding fatigue area (b)
Another example of the effect of the crossing geometry is given in Figure 9 . The fatigue area on the crossing nose before the repair/grinding is in the range 0.5m- 
where 0 F is the objective function; j g is the constraint; x is the vector of design variables; i A and i B are the side limits, which define lower and upper bounds of the i-th design variable.
The components of the vector x can represent various parameters of the mechanical system, such as geom try, load conditions, material properties, etc. The design variables are to be varied to improve the design performance. Depending on the problem under onsideration, the objective and constraint functions (1)-(2) can describe various structural and dynamic response quantities such as weight, reaction forces, stresses, strain, natural frequencies, displacements, velocities, accelerations, etc. The objective function provides a basis for design improvements.
To solve the optimisation problem (1)-(3) the Multipoint Approximation Method (MAM) was employed. The method uses the mid-range approximations instead of the o iginal functions to reduce the computational cost of the optimisations. MAM does not require the design sensitivity information though it can effectively be taken into account if available. Moreover the optimisation method can easily be coupled with any response analysis software. More details of MAM can be found in [18] - [19] .
Design variables
As it was mentioned earlier in this paper, improvement of the crossing performance is achieved by varying the crossing geometry. In order to use the numerical optimisation method the vector of the design variables in (1)- (3) should be defined based on some parameterisation of the crossing geometry. Here the crossing geometry parameterisation proposed in [23] was used, which is briefly presented below. 
Performance criteria
As it was mentioned in the previous Sections the main goal of the optimisation was improving the crossing performance, while controlling the location of the fatigue area on the crossing nose. Below, the definition of these requirements and their use in the formulation of the optimisation problem are described.
Damage indicators
The criteria of the optimisation is reduction of damage to crossing and wear, which in the presented study are estimated by the normal contact pressure S and the energy dissipation W at the wheel-rail contact patch along he crossing. The contact pressure is related to the plastic deformation type of failure and here estimated as [24] :
where n F is the normal contact force, and A is the size of the contact patch. The wear index based on the energy dissipation is evaluated using the T criterion according to [25] : 
Implementation of new geometries
The results of the optimisation presented in the previous Section have shown that the performance of the crossing can be improved by using the optimisation procedure (Section 4). Also, it was shown that the optimised crossing geometries can be achieved by grinding.
In order to accurately implement the improved crossing geometry a new device has been developed. This device can be used for assessment/controlling of the shape (geometry) of a railway crossing. The geometry can be controlled both during inspection and during maintenance (grinding) of the crossings Usually, the geometry of a crossing is assessed visually by using a rigid bar (2m) or by measuring separate cross-sections of the crossing nose in 2 locations. In the proposed device the templates of the several cross-sections of the crossing and wing rails are connected to a rigid bar, so that the shape of the whole frog including the wing rails can be controlled.
The prototype of the device is shown in Figure 23 . The templates correspond to the cross-sections of the crossing including the wing rails, which are evenly spread along the length of the crossing The shapes of the templates are automatically obtained from the 3-D shapes of the crossings using AutoCAD and Matlab software. The templates for other crossing geometries can easily be obtained by changing the 3-D shape of the crossing.
Using the same procedure the device can easily be adjusted for the crossings of different crossing angle, e.g 1:9. In this case the number of the templates and the distance between the templates are to be adjusted.
Figure 23 Crossing geometry measurement device
The device can be used for assessment of wear of the existing crossings. By analysing the discrepancies (voids) between the templates and the rail surface the deviations between the designed (device) and actual crossing geometry can easily be detected. Also, during the maintenance this device can be used to control the grinding process.
By changing the templates the device can be adjusted for various crossing geometries. So that, the devices for the reference, 'opt1' and 'opt2' crossings from A c c e p t e d a u t h o r m a n u s c r i p t this study have been built. The next step in this study is to implement these geometries and to verify performance of the obtained crossing.
Conclusions
In this paper an optimisation procedure for improvement of crossing performance by adjusting the crossing (including the wing rail) geometry is presented Improvement of the crossing performance is achieved by reducing the RCF damage (plastic deformations) and wear indexes, which were estimated numerically by the normal pressure and energy of dissipation in wheel-rail contact respectively.
Using the idea of adjusting the crossing geometry during maintenance by grinding, it was proposed to control the location of the wheel imp ct during the optimisation procedure. By shifting the fatigue area during the maintenance (grinding) the life of the crossing can be prolonged.
To demonstrate the proposed procedure the geometry of a 1:15 crossing has been optimised. To assure the robustness of the improved crossing, two typical wheel profiles used on the considered crossing were taken into account during the optimisation. The results have shown that the reduction of the contact pressure and changing of the location of the wheel impact (fatigue area) on the crossing can be achieved by using the proposed optimisation procedure. The robustness of the obtained geometries has been verified using the numerical simulations with track geometrical irregularities.
Using the optimisation procedure two improved geometries of the crossing have been obtained. In both designs the RCF damage index was reduced as compared to the reference design At the same time, the fatigue area in the second crossing was shifted further from the tip point along the crossing nose as compared to the first optimised crossing. It should be emphasised that the second optimised crossing geometry can be obtained by adjusting the geometry of the first optimised crossing e g by grinding.
To implement the new crossing geometry (including the crossing nose) a new measurement device has been proposed. The device can be used for both assessment and during adjusting/restoration of the crossing geometry. The proposed device can easily be adjusted for various crossing geometries and different crossing angles.
The next step in this research will be implementation and validation of the obtained crossing geometries.
